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Abstract 

A high alpha phantom yaw control system for 
enhanced missile maneuverability and stabilization 
control has been developed. Open and closed-loop 
experiments on a fin-less 3:1 tangent ogive missile 
model were , conducted to quantify the control 
effectiveness of the high alpha phantom yaw control 
system. The flow control system utilizes co-located 
actuators and sensors modules, force balance data, and a 
closed-loop controller. The co-located actuators and 
sensors modules incorporate eight deployable flow 
effectors and eight corresponding dynamic pressure 
sensors located circumferentially near the tip of the 
missile nose cone. Deployable flow effectors are active 
micro-vortex generators that control and manipulate 
pressure distribution along the forebody to produce 
significant side forces arid yawing moments for missile 
control. Significant side forces caused by crossflow 
separation and natural baseline asymmetries were 
observed between 40° and 60° alpha. Deployable flow 
effectors were efficacious between 40° to 55° alpha in 
generating large side forces that cancelled the baseline 
flow asymmetry and producing yawing moments on 
either side of the slender body. Results demonstrate that 
flow effectors can be used to achieve a wide spectrum of 
control forces and to modulate the side forces around the 
missile forebody for desired effect. Dynamic test results 
showed that the closed-loop controller was successfully 
able to control the yawing moment on the missile during 
sweeps from 0° to 60° alpha at various sweep rates. 
Closed-loop experiments demonstrated the control 
system's ability to maintain a desired side force 
corresponding to zero, left and right yaw. 
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Nomenclature 

a (alpha) angle of attack, deg 

Re d freestream Reynolds number based on 
model diameter, pU 0 d//i 

U 0 freestream velocity 

ji absolute viscosity 

d missile model diameter 

P angle of sideslip, deg 

9 DFE radial location on nose cone, deg 

C n yawing-moment coefficient, M z /qS rej d 

Cy Side-force coefficient, Fy/qS re f 

M z yawing moment 

F Y side force 

S re f cross-sectional area of cylindrical portion of 
missile model, 7td 2 /4 

PID Proportional Integral Derivative 

K p proportional gain of the PID control law 

K t integral gain of the PID control law 

K d derivative gain of the PID control law 

Introduction 

Significant progress has been made in the last 
two decades towards achieving supermaneuverability 
of missiles and fighter aircraft at high alpha. A 
classic example demonstrating the tactical advantage 
of a supermaneuverable aircraft over other aircraft 
during a combat situation is the Herbst maneuver by 
the X-3 1 , 1,2 Next generation high performance 
missiles face a much greater challenge where mission 
requirements dictate evasive maneuvers at high 
alpha. 3 

It has long been recognized that slender bodies 
of revolution at high alpha encounter separation- and 
vortex-induced phantom yaw caused by asymmetric 
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vortex shedding, " 6 even at zero angle of sideslip. 7 Large 
side forces and dynamic out-of-plane loading occur for 
alpha ranging from 30 to 60 degrees. Researchers have 
concluded that the out-of-plane loads result from micro- 
asymmetries on the surface of the nose cone such as 
small dents, cracks in the paint, and other microscopic 
imperfections near the tip of the nose cone. 8,9 It has also 
been shown that these asymmetries are affected by the 
bluntness of the forebody, Reynolds Number, roll angle, 
and alpha. At high alpha, these side forces are especially 
pronounced due to the increasing ineffectiveness of 
traditional control surfaces. Side forces resulting from 
these asymmetries adversely affect the missile's overall 
performance and significantly limit flight envelope. 
However, proper exploitation of these forces can offset 
natural side forces and produce desired side forces that 
substantially increase maneuverability at high alpha by 
controlling the system of vortices along the forebody. 

Demand for high alpha missile control has led to a 
number of investigations on the subject. 10 " 14 Research 
conducted by Herbst, 1 and later followed by Ericsson and 
Beyers, 15 demonstrated the ability to achieve increased 
maneuverability on a X-31 aircraft for extreme aerial 
combat situations using thrust vectoring and advanced 
control schemes. The success of the X-31 program was 
in part due to efficient flow control on the forebody of 
the aircraft. Other investigators have used various forms 
of geometric changes such as nose bluntness, 16 strakes, 17 
boundary layer strips, 18 ' 19 and rotating nose tips 20 to 
control the asymmetric vortices off the forebody. A 
single symmetric strake and a splitter-plate-fin were also 
used to suppress the flow asymmetry. 21 ' 22 It was shown 
that the splitter-plate-fin did not have to extend far 
downstream of the apex for controlling the asymmetric 
loads. Controlled disturbances at the near-apex flow 
region were able to control the flow downstream due to 
strong three-dimensional flow effects. Blowing has also 
been demonstrated to control forebody flow symmetry. 23 
Recent accomplishments in micro-blowing have 
demonstrated that vortex instabilities can be manipulated 
with small controlled perturbations introduced near the 
region of maximum flow sensitivity, i.e. nose of the 
forebody 24 . 

Passive flow control techniques, such as transition 
strips and nose bluntness, are somewhat effective in 
alleviating aerodynamic loads, but are limited by 
increased drag and loss of vortex- induced lift on the 
forebody. This necessitates a need for active flow 
control methods that; (1) control both the magnitude and 
direction of side forces, (2) improve missile 
maneuverability by exploiting asymmetric vortices, and 
(3) have flow effectors that retract to minimize drag 
when the system is not needed. 

Researchers have investigated various active flow 
control techniques such as jet blowing, 25 unsteady 



bleed 26 , suction 27 and blowing, and Deployable Flow 
Effectors 28 (DFEs). These techniques typically 
operate in an open-loop mode with no sensor 
feedback. Thus, there is a need to develop a closed- 
loop control system to fully realize the potential of 
active control actuators for missile-control 
enhancement. Recently, researchers have 
demonstrated feasibility of closed-loop control 
systems for high-alpha maneuvering via numerical 29 
and experimental 30 investigations. Bernhardt and 
Williams 30 demonstrated the ability of the closed- 
loop control system to control the coning angle of the 
model, its rotation rate, and the direction of rotation 
using a pair of suction ports on either side of the 
nosecone tip. The desired input and the output 
command in closed-loop control system by Bernhardt 
and Williams was the pressure coefficient and not 
the actual yawing moments. 

Despite numerous investigations, a closed-loop 
flow control system to fully realize the potential for 
enhanced maneuverability of missiles at high alpha 
has yet to be identified. This paper presents progress 
towards the development of a high-alpha phantom 
yaw control system for control of forebody flow 
asymmetries utilizing dynamic pressure sensors and 
DFEs coupled with a closed-loop controller. Details 
of this control system are presented along with results 
from open and closed-loop control experiments. 

DFEs Based Phantom Yaw Control System 

The phantom yaw control system for control of 
missile forebody flow asymmetries at high alpha 
relies upon the effectiveness of DFEs in generating 
on-demand side forces around the missile body for a 
desired yawing moment. DFEs are active micro- 
vortex generators that effectively control the pressure 
distribution along the forebody, yielding large side 
forces and yawing moments for control of yaw on 
either side of the forebody. The DFEs are small 
mechanical tabs made from epoxy glass-fabric with 
dimensions of 0.9 x 0.3 x 0.08 cm, and are placed 
underneath the surface of the model in their retracted 
state (non-obtrusive to the flow). Upon controlled 
deployment, the DFEs interact with the forebody 
vortical flowfield to generate a desired yawing 
moment at high alpha. The presented forebody 
model utilized eight DFEs located circumferentially 
around the nose cone of the missile body. Single, or 
combinations of DFEs, can be actuated either 
statically or cycled at a varying frequency to obtain a 
desired yawing moment. In order to obtain a wide 
and well-resolved spectrum of generated side forces, 
different configurations of DFEs were used. A 
specific configuration was defined and tested 
according to; (1) DFE location with respect to the 
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Figure 1 . Schematic of the DFE-based phantom yaw 
control system. 

flow, (2) number and pattern of DFEs, and (3) cycle 
frequency. Eight dynamic pressure sensors were flush- 
mounted circumferentially in front of the DFEs to 
capture instantaneous pressure fluctuations around the 
missile forebody. Data collected from the pressure 
sensors were correlated to the data obtained from the 
force balance to determine the optimal feedback 
parameter for the closed-loop controller. Figure 1 
depicts the principle of operation of the DFE-based 
phantom yaw control system. The controller was 
designed to operate based on feedback information from 
either the pressure sensors or the force balance. In the 
presented work, the command input variable to the 
controller represented a specific desired flow state of the 
vortex system i.e., zero, left or right yaw. The controller 
determined the DFE actuation configuration in order to 
obtain the desired flow state based on an error, or the 
difference between the desired flow state and the actual 
flow state. Details on the. feedback control system are . 
presented in the later sections. 

Missile Model 

The model was a typical fin-less air-to-air missile 
with a fineness ratio of 6. 12 based on the maximum body 
diameter and 3:1 tangent ogive nose, cone as shown in 



Dynamii 

Pressure 

Sensors 




Figure 2. Illustration of the missile 
model with a 3:1 tangent 
ogive nose. 

Figure 2. The length, maximum diameter, and the 
tip-radius of the missile model were 62.23 cm, 10.16 
cm, and 0.635 cm respectively.' The forebody 
contained circumferential arrays of eight DFEs and 
eight dynamic pressure sensors embedded near the 
tip, as shown in Figure 2. The dynamic pressure 
sensors used were EPE-83 series fromEntran®. 

In addition to the dynamic pressure sensors, the 
model was equipped with a total of 128 pressure taps 
(4 rings of 32 taps) to measure body pressure 
measurements (using a PSI™ Scanner Module). The 
forebody also contained a pneumatic Control 
Actuation System (CAS) shown in Figure 3 that 
enabled flush mounting as- well as cycling of the 
DFEs. A housing (base) made of a light weight rigid 
material-Delrin, was designed and fabricated to fit 
readily inside the nose cone in order to hold the DFEs 
beneath the model surface. An elastomer was placed 
between the base plate and the plenum, covered by an 
O-ring to make the seal leak-proof. The base plate 
housed the DFEs in such a way that the elastomer 
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Pressure pj s ton Elastomer 

Sensors 

Figure 3. Illustration of the missile nose cone 
showing details of the DFE - Control 
Actuation System (CAS). 

actuates the DFEs pneumatically. On the whole, the 
CAS requires a high-pressure source, a valve, a plenum, 
an O-ring, power supply, and pneumatic lines. The units 
were installed internally in such a way that the DFEs 
were flush to the model surface eliminating any 
obtrusion into the flow. The model was equipped with a 
stinger-mounted force balance consisting of two strain 
gages to form a pitch and yaw moment measurement 
system. All data were collected on a personal computer 
based data acquisition system running Lab VIEW™. 
Additional flow, information was gathered using smoke 
and laser sheet flow visualization techniques. 
Information collected by the dynamic pressure sensors 
and the force balance was used to determine the 
configuration of DFEs for the desired control effect at a 
given flight condition. Figure 4 shows the experimental 
set-up for wind tunnel testing. 

Experimental Facility 

Wind tunnel tests were performed at The University 
of Toledo, Fluids Dynamics Laboratory in a 3 x 3 ft. 
closed-loop low-speed wind tunnel. The model support 
incorporated a C-strut and a turntable to allow for 
different a. A motor was incorporated in the turntable to 
facilitate remote model positioning and a-sweep for 
testing. A dynamic turntable was also installed to 
facilitate dynamic tests on the model for sweep rates 
from 1 deg/s up to 120 deg/s (Aerotec ADR series direct- 
drive rotary stage table). The turntable had a direct-drive 
brushless servomotor, cog-free design, direct coupled, 
high-accuracy rotary encoder, and high-accuracy angular 
bearings. A 14-blade, variable-pitch fan coupled to a 
150-hp electric motor was used to drive the flow. By 
varying the speed of the motor, the tunnel speed could 
reach over 200 mph (300 ft/s). Two tempered- glass 
sidewalls and a large Plexiglas window on the ceiling 
provided easy access for flow visualizations. The flow 
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Figure 4. Experimental set-up for wind runnel testing. 

in the test-section was uniform, with a turbulence 
level of 0.2% outside of wall boundary layers. 

Wind Tunnel Experiments 

Open and closed-loop flow control experiments 
were conducted on the forebody model for a ranging 
from 25° to 65° at aRe d of 0.1 3x1 0 6 . Open-loop 
experiments consisted of a series of static tests to 
characterize and optimize the effectiveness of DFEs 
for the control of forebody flow asymmetry. Closed- 
loop experiments include dynamic tests to evaluate 
the performance of the control law in manipulating 
vortices for a desired yaw moment, as well as 
characterizing the effect of DFEs during pitching 
maneuvers for different sweep rates. Details on the 
closed-loop control law for the high-alpha phantom 
yaw control system will be discussed in later 
sections. Data from dynamic pressure sensors, static 
pressure ports, force balance, and flow visualization 
were evaluated to determine, qualitatively and 
quantitatively, the effectiveness of the DFE-based 
phantom yaw control system. 

Static Tests 

Static wind tunnel tests were performed for a 
ranging from 25° to 65° at a Re d of 0.13xl0 6 based on 
the freestream velocity of 20 m/s and model diameter 
of 10.16 cm. Specific objectives of the static tests 
were to, 

(1) Determine the range of a for which the DFEs 
were most effective in creating high yaw 
moments, 

(2) Determine optimal DFE radial location on the 
missile nose cone for the highest impact on 
flowfield, 



4 

American Institute of Aeronautics and Astronautics 



Pitch 


Sideslip 


Actuated DFE # 


a in deg 


p in deg 


20 


0 


0 


1 


2 


3 


4 


5 


6 


7 


25 






0 


1 


2 


3 


4 


5 


6 


7 


30 






0 


1 


2 


3 


4 


5 


6 


7 


35 






0 


1 


2 


3 


4 


5 


6 


7 


40 






0 


1 


2 


3 


4 


5 


6 


7 


45 






0 


1 


2 


3 


4 


5 


6 


7 


50 






0 


1 


2 


3 


4 


5 


6 


7 


55 






0 


1 


2 


3 


4 


5 


6 


7 


60 




r 


0 


1 


2 


. 3 


4 


5 


6 


j 7 



Table 1. Test matrix to determine the effective 
alpha range for the DFEs. 



a = 40°, p = 0° 


a « 45°, p = 0° 


a = 50°, p = 0° | 


DFE# \ 


6 in deg 


DFE# 


6 in deg 


DFE# 


6 in deg 




0 




0 




0 




5 




5 




5 




10 




10 




10 




15 




15 




15 




20 




20 




20 




22.5 




22.5 




22.5 




25 




25 




25 




30 




30 




30 




35 




35 




35 




40 




40 




40 


2 


22.5 


2 


22.5 


2 


22.5 


3 


22.5 


3 


22.5 


3 


22.5 


4 


22.5 


4 


22.5 


4 


22.5 


5 


22.5 


5 


22.5 


5 


22.5 


6 


22.5 


6 


22.5 


6 | 22.5 

i ; 


7 


22.5 


7 


22.5 


7 | 22.5 


j 0 


22.5 


0 


22.5 


0 ! 22.5 



Table 2. Test matrix to determine optimal DFEs radial 
location on the missile nose cone. 

(3) Characterize the effect of model imperfections on 
baseline asymmetry, and 

(4) Obtain a wide spectrum of generated control forces 
by optimally located DFEs at different alpha. 

To obtain a range of alpha for which the DFEs were 
most effective, static tests were performed at varying 
pitch (a ranging from 20° to 65° in steps of 5°) for zero 
sideslip (p) (see Table 1). During these tests, all the 
eight DFEs were deployed individually to determine the 
maximum generated force for each a. Results from 
these tests revealed that the DFEs were most effective for 




A 



B 

[Most effective DFE radial! *' 
location for control effect J 




Figure 5. Illustrations of the missile nose showing 
DFE radial locations. 



40°, 45°, and 50° a. Additional static were 
conducted at these angles to determine optimal DFE 
radial location, 9, on the missile nose cone, as seen in 
Table 2 (G is defined as the angle between the DFE 
position and the apex of the missile nose cone, as 
shown in Figure 5A). Tests shown in Table 2 were 
conducted to determine the DFE effectiveness in 
generating control forces for 0 ranging from 0° to 40° 
in steps of 5° rotated clockwise for 0° (5 and 40°, 45°, 
and 50° a. Additional fine-tuning tests revealed that 
the DFEs were most effective at 22.5° 0 (see Figure 
5B), which was also the best orientation for the 
natural flow asymmetry (near zero yaw). 

Once optimal 6 (22.5°) for DFE actuation on 
the nose cone was determined, a series of tests were 
conducted with all the eight DFEs offset by 22.5 9 to, 
(1) find the best orientation for natural asymmetry, 
and (2) characterize the effect of model imperfections 
on baseline asymmetry. Additional tests listed in 
Table 3 were conducted with different DFE 
configurations.at 40°, 45°, and 50° a and 0° (3 to 
provide a complete spectrum of possible control 
forces. DFE configurations consisted of static 
deployment of individual DFEs, cycling of one or 
more DFEs at varying frequencies, or combinations 
of both. 
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Configuration Table for Flow Effector(s) Deployment 


No. 


DFE(s) 


Static 


Hz 


No. 


DFE(s) 


Static 


Hz 


1 


5 


static 




31 


3 & 5 




6 & 6 


2 


6 


static 




32 


3 & 5 




5 & 3 


3 


5 | 




6 


33 


3 & 5 




2 & 7 


4 


5 




8 


34 


3 & 5 




2 & 4 


5 


5 




14 


35 


3 & 5 




15 & 10 


6 


5 




20 


36 


3 & 5 




8 & 12 


7 


5 




11 


37 


3 & 5 




20 & 14 


8 


5 




17 


38 


3 & 5 




18 & 13 


9 


5 




3 


39 


3 & 5 




9&6 


10 


5 




1 


40 


3 & 5 




16 & 8 


11 


5 




5 


41 


3 & 5 




4 & 1 


12 


5 




2 


42 


3 & 5 




19 & 7 


13 

_ 


5 




4 


43 


3 & 5 




12 & 16 




5 




1 


44 


3 & 5 




14 &20 


15 


6 


: 


3 


45 


3 & 5 




13 & 3 


16 


6 




1 


46 


3 & 5 


- j 17 & 11 


17 


6 




2 


47 


3 & 5 




2&3 


18 


0 


static 




48 


1 


static 




19 


6&7 


■ : 


3 & 2 


49 


3 




14 


20 


5 & 7 




2 & 1 


50 


3 




20 


21 


5 & 7 




1 & 2 


51 


3 




17 


22 


6 . 




5 


52 


. 3 




4 ■ 


23 


6 




4 


53 


3 




2 


24 


4 


static 




54 


3 




8 


25 


7 


\ static 

; — ^ 




55 


3 




5 


26 


3 & 5 




10 & 5 


56 


3 




11 


27 


3&5 


i 
i 


1 1 & 4 


57 


2 


static 




28 


3&5 




7&2 


58 


3 




6 


29 


3& 5 




3 & 5 


59 


3 




3 


30 


3&5 


1 . 

L~ 


3 & 6 


60 


3 


static 





Table 3. DFE configuration test matrix to obtain a wide 
spectrum of generated forces for a = 40°, 45°, 
• and 50°. 

Static Tests: Results and Discussion 

Results are presented primarily in the form of 
control maps consisting of side force coefficients 
obtained via a series of DFE actuation cases listed in 
Tables 1-3. Preliminary tests identified the most 
effective alpha range for the DFEs to be 40°, 45°, and 
50°. This is in agreement with the study conducted by 
Malcolm, 31 where strakes were found to be most 
effective for the similar alpha range. Static deployment 
of DFEs at a = 60° produced large changes in effective 
moment on the slender body and demonstrated the * 



reversal of the asymmetric vortices. For 40°>a > 
60°, no significant forebody asymmetric vortices 
were observed since the flow at such alpha moves the 
separation region towards aftbody resembling wake 
flow phenomena; thus the effectiveness of the DFEs 
deteriorated since the control forces generated by the 
DFEs were not strong enough to counter act the 
phantom yaw created by flow separation. Laser sheet 
flow visualization (Figure 6) of the baseline case and 
the case with deployed flow effectors at 60° a 
demonstrated vortex control using two different 
DFEs. Figure 6(a) shows model orientation for flow 
visualization. Figure 6(b), (c), and (d) shows the 
vortex formations for no flow effector deployed, DFE 
1 deployed (located at 0° 9) and DFE 5 deployed 
(180° 0), respectively. Vortex reversal is clearly 
demonstrated upon switching the deployment of DFE 



land DFE 5. 






















^^Wg^S^^V ': . / : ; | 











Figure 6. Laser sheet visualization of forebody vortex 
flows at 60° a. (a) Missile model (b) Baseline 
vortex flow with no DFE (c) DFE deployed 
at 0° 9 (d) DFE deployed at 1 80° 0. 
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Figure 7. Control forces generated by DFE 1 at 40° 
a, 0° P and varying 0. 
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Figure 8. Spectrum of generated control forces using 
DFE configurations at 40° a and 0° p. 
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Figure 9. Control forces generated by DFEs 0 to 7 
at 40° a, 0°pand 22.5° 0. 

Figure 7 shows the range of control forces at 40° a, 
0° p, generated by DFE 1 for varying 6. Variation of 6 
was done by simply rotating the forebody in the 
clockwise direction. Significant controlled side forces 
were generated by DFE 1 when positioned between 0 = 
15° to 25°, as seen in Figure 7. The dashed-line cutting 
through all the vertical bars is the baseline force and the 
vertical bars represent a range of control forces that were 
generated by the DFE at the corresponding 0. The range 
of forces was obtained by the configuration tests listed in 
Table 3. Each DFE was activated in turns and in 
combinations with other DFEs at varying frequencies. A 
typical plot showing the range of forces and the baseline 
is shown in Figure 8. While the largest control forces 
were generated from 15° to 25° 9, the DFEs were still 
able to generate forces large enough to cancel the 
baseline asymmetry. In some conditions, DFEs were able 
to reverse the baseline flow asymmetry with an equal 
magnitude or higher. Figure 9 shows the range of forces 
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Figure 10. Control forces generated by DFE 1 at 45 c 
a, 0° P and varying 0. 
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Figure 11. Control forces generated by DFEs 0 to 7 
at 45° a, 0° p and 22.5° 0. 

generated by all the eight DFEs located at 22.5° 0 
(deployed individually). These tests showed that 
even though the baseline flow asymmetry tends to 
behave in a disorderly fashion, the control forces 
generated by the DFEs were able to cancel and flip 
the vortices. Figures 10-13 shows similar control 
maps for 45° and 50° a and 0° p. 

Closed-loop Control System 

A closed-loop control system for high.alpha 
forebody vortex control was developed using a digital 
Proportional Integral Derivative (PID) control law. 
The control law block diagram for the feedback 
controller used for the control of asymmetric vortices 
is shown in Figure 14. The command input variable, 
C„, representative of a desired yawing moment (left, 
right, or zero) was compared to the existing flow 
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Figure 12. Control forces generated by DFE 1 at 50° 
a, 0° P and varying G. 

state C n to obtain an error signal. The error value was 
used to determine DFE deployment state through 
mapping functions, which determined the proper actuator 
commands. The closed-loop control system focused 
specifically on determining the optimal timing for DFE 
deployment based on dynamic pressure signals in order 
to create a desired side force for the given flow 
conditions. 

The primary goal of the previous experimental 
characterization of the forebody model was to gain 
insight into the flow physics of the asymmetry vortex 
control and manipulation along the slender body. Sensor 
information obtained from the dynamic pressure sensors 
located on the missile nose cone and the stinger mounted 
force balance was correlated to specific flow field event 
in order to develop an effective feedback control. As 
commonly found, the system dynamics were very 



Define Control Parameters 

1. Desired missile net force 

2. Control time step (80 ms) 

3. DFE time step (5 ms) 

4. Scan rate 

5. PID controller parameters 

6. Butterworth filter constants 
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Figure 13. Control forces generated by DFEs 0 to 7 * 
at 50° a, 0°P and 22.5° 9. 

different from the uncontrolled system. An entire 
series of tests were conducted in a variety of flow 
conditions to provide experimental information to 
enable characterization of the influence of the DFEs 
on the flow field and the variables of interest (yawing 
moment and static pressure distribution). Similar to 
the original baseline flow evaluations; data were 
collected from a number of different conditions to 
develop a database of experimental knowledge of the 
system dynamics suitable for developing a real-time 
feedback controller. Using the empirical knowledge 
gained during the experimental testing, a frequency 
based control law was developed to actuate the active 
flow control devices based on either, localized 
pressure information or the force balance data. 

The control program was written in 
LabVIEW™ and used a 12-bit National Instruments 



PID control to minimize error between 
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Figure 14. Block diagram of the closed-loop flow control system. 
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7344 Motion Board (PXI-7344). A National Instruments 
break-out box connected via USB to the Motion Control 
Board was used to route data from sensors and to deploy 
the DFEs. The frequency response of the actuator and 
the associated pneumatics defined the limits of the 
operating frequency. The DFEs were limited to 
approximately 100 Hz, or 10 ms for a complete DFE 
cycle (deploy and retract). Thus, to maximize DFE 
response time, a control input to deploy or retract was set 
to 5 ms (200Hz). The output from the control program 
was set for every 80 ms, or 13 Hz. Control inputs 
included eight embedded pressure sensors near the tip of 
the missile nose. The dynamic sensors, which provided 
the static pressure distribution around the nose cone were 
used to neutralize the missile's natural side force, as well 
as create an opposing side force. This was achieved by 
the controller that monitored the signals from two 
diametrically opposing pressure sensors. The sign of the 
pressure differential from these two sensors indicated the 
direction of the pressure gradient and thus the direction 
of the natural side force. In addition to the pressure 
sensors, the force balance was also used to provide 
magnitude and direction of the natural side force. The 
force balance was used in the final testing and 
demonstration of the control system since it provided the 
magnitude of the generated control forces. On the front 
panel of the control-demo program, the user specified the 
PID parameters (set vales: K p = 1 .0, K { = 0.3, K d = 0.2); 
filter coefficients, scan rate, control time step, DFE time 
step and the desired volts, which corresponded to a 
specific yawing moment coefficient C n . The control 
output variable was also a value on voltage that 
corresponded to a specific value C n value. The program 
consisted of a system to initialize hardware, compute a 
running average of force data, execute a PID sub-routine, 
and perform a mapping function for each DFE. Filtered 
running average force data was provided to PED 
controller input. The output of the PID was a value (x) 
between 0 and 1 and was representative of the error 
between the actual and desired forces. This output at 
every 80 ms, was used in a mapping function to "map" 
the deployment sequence for the following 80 ms, in 5 
ms intervals (the response time of the DFEs). Each DFE 
array was assigned a function f n (x) that was used to 
determine the amount of time the DFEs were to be 
deployed over the period of 80 ms in order to achieve the 
desired side force. The PID output x was used to test the 
response of the system over the control time step. 

The closed-loop control demonstration used two 
DFEs located at 9 = 22.5° and 157.5° on the missile nose 
cone. Based on static wind tunnel tests, these DFEs were 
found to have the largest impact on the controllability of 
asymmetric vortices around the forebody and could thus 
generate the moment needed to eliminate the natural 
yawing moment on the missile. The mapping function 



then addressed these two DFEs with instructions for a 
deployment sequence every 80 ms. The total PID 
range varied from -0.5 to 0.5. The mapping function 
for DFE 1 was/^xj = l-(x+0.5) and for DFE 2 was 
f 2 (x) = x+0.5. These functions could easily be 
applied to arrays of DFEs to fine-tune the closed-loop 
control. After the deployment count was completed, 
the DFEs were instructed to remain retracted for the 
remainder of the 16 counts. This closed-loop control 
program successfully mitigated side forces 
responsible for phantom yaw, enhanced the side force 
in the same direction of the naturally occurring 
phantom yaw, and produced side forces in the ' 
opposite direction of phantom yaw. 

Dynamic Tests 

Dynamic tests were performed to demonstrate 
the ability of the feedback controller in stabilizing 
and controlling forebody flow asymmetries at high 
alpha. Dynamic experiments were conducted using 
the stinger mount force balance, DFEs, and a PID 
closed-loop controller. Dynamic pitching tests were 
conducted on a high-speed turntable with pitching 
rates up to 1207s. The turntable was controlled via a 
computer using a Lab VIEW™ program interface that 
collected the force balance strain gage voltage. The 
voltage reading corresponded a specific yawing force 
produced from the natural asymmetric vortex, 
shedding, as well as the DFE-generated yaw force. 
Three separate dynamic tests were conducted; 1) 
dynamic pitching tests without the controller, 2) 
controller modulated yaw forces, and 3) closed-loop 
control dynamic sweeps. The objective of these tests 
were to, (1) characterize the effects of dynamic 
sweep from 0° - 60° a on the asymmetric vortices 
formed on the missile forebody, (2) characterize the 
effects of DFEs in controlling the asymmetric vortex 
shedding, (3) modulate yawing moments using 
optimized DFE configuration at high alpha (60° a), 
and (4) control the missile model during a dynamic 
sweep from 0° - 60° a using the feedback controller. 

Test 1 : Dynamic pitching 

Dynamic pitching tests from 0-60° a, 0° P with 
sweep rates ranging of 17s up to 1207s were 
performed at a dynamic pressure of 5 Q and a Re d of 
0.13 million. Characterization of the missile model 
and the DFE-effeets during dynamic pitching was 
obtained from these tests. 

Test 2: Controller Modulated Yaw Forces 

Controller modulated tests consisted of the 
complete closed-loop yaw control system with the 
stinger mounted force balance, DFEs and the 
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controller. During these tests the model was held at 60° 
a and 0° (3. The user specified the desired force balance 
raw voltage (which corresponded to a specific yaw force 
in the flow state) for the model to achieve, and the 
controller triggered the specific DFE configuration to 
achieve the force. The control parameters for the 
controller to obtain the desired force were the DFE 
configuration and the duty cycle of DFEs located at 0 = 
22.5° and 157.5°. The controller's ability to manipulate 
the forebody flow asymmetries to obtain the desired yaw 
forces was successfully demonstrated during these tests. 

Test 3: Closed-Loop Control Dynamic Sweeps 

This test was the demonstration of the closed-loop 
control system to maintain a zero yaw force during the 
dynamic pitching from 0-60° a at 0° p. 

Dynamic Tests: Results and Discussion 

During the dynamic pitching characterization tests 
it was observed that large side forces occurs between 40° 
and 60° a. For a> 60°, the effects of vortex shedding 
from the forebody decreased significantly due to 
diminishing influence of the axial flow component, 
resulting in reduced phantom yaw effect and more blunt 
body vortex shedding. It was observed that as the 
pitching rates increased, there was a time delay in the 
formation of forebody asymmetric vortex shedding due 
to the difference in time scales of the pitch-up maneuver 
and the formation of vortices, resulting in low side forces 
at a for which large side forces were noticed during low 
pitching rates. The time lag for the formation of 
asymmetric vortex shedding became so large at pitching 
rate of 1207s, that the side forces produced due to 
asymmetric forebody shedding did not occur until the 
model was held at a fixed 60° a after the pitching motion 
was completed. 

Figure 15 shows yawing moment coefficient 
variation with a and time during pitch-up maneuver at 
107s for uncontrolled (baseline) and DFE-actuated 
cases. The baseline flow asymmetry changes 
significantly between 45° and 60° a. The DFEs located 
at the optimal positions, 22.5° 6 and 67.5° 9, were 
deployed in separate pitch-up tests to capture the effects 
of the devices on flow asymmetry. The baseline (no 
DFE) had a flow asymmetry yielding a positive yawing 
moment between 45° and 60° a. The DFE at 22.5° 0 
strengthened the flow asymmetry in the same direction 
while the DFE located at 67.5° 6 forced the vortex 
reversal to create the opposite yawing moment between 
45° and 60° a. Similar characteristic curves for pitching 
rate of 357s is shown in Figure 16 (pitch-up) and Figure 
17 (pitch-down). Comparison of Figures 16 and 17 
demonstrate similar effects of the DFEs and baseline on 
forebody flow asymmetries. During pitch-down 



maneuver, DFE located at 22.5° 0 starts off at a large 
yawing moment value at 60° a and drops to the 
moment values similar to those obtained during 
pitch-up and baseline for alpha between 0° and 40° a. 

The force modulation tests at 60° a were 
successful in demonstrating the ability of the control 
system to generate control forces in both, positive 
and negative yaw direction, using two DFEs located 
at 0 = 22.5° and 157.5° integrated with the closed- 
loop controller. Figure 1 8 shows that the controller 
was able to actuate the DFEs to precisely generate a 
desired positive and negative side force to follow the 
yaw commanded by the user. The plot shows the 
commanded yaw versus the yaw generated by the 
DFEs using the closed-loop control system. The user 
commanded yaw values ranged from 100% to 33% of 
the maximum achievable yaw by the DFEs at 60 a in 
both positive and negative direction. The user 
entered a desired volt-value which corresponded to a 
particular yaw-force and the controller calculated the 
current yaw-force to obtain an error signal for the 
controller to determine the DFE actuator 
configuration, i.e. DFE#, frequency, and time of 
deployment, in order to obtain the desired yaw-force. 
Fig. 18 shows that the control system was 
successfully able to generate the desired yaw value. 

Figure 19 shows the control map obtained from 
different closed-loop experiments to demonstrate the 
ability of the controller to generate the desired yaw 
moments during pitching maneuvers from 0° - 60° a. 
The baseline characterization showed a positive 
natural asymmetry above 40° a. During the first test, 
the DFEs were deployed to control the baseline force 
to a fixed yaw value, the second test demonstrated 
the ability of the DFE to generate a positive yawing 
moment and the third test demonstrated the ability to 
flip the positive yawing moment into a negative 
yawing moment. The superposition plot of these 
three tests (Figure 19) clearly shows the effectiveness 
of the presented DFEs-based closed-loop system to 
provide phantom yaw control of missiles during such 
a dynamic pitching maneuver. 

Conclusions 

An experimental study to demonstrate a high 
alpha phantom yaw control system for enhanced 
missile maneuverability and stabilization was 
conducted. It was found that the DFE configuration 
parameters; position and frequency of operation, 
were critical to obtain the desired force during both, 
static and dynamic tests. Results demonstrated the 
ability of the control system to generate a desired side 
force corresponding to zero, left and right yaw using 
the DFEs integrated with the closed-loop controller. 
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Figure 15. Characteristic curves: baseline and DFE- 
actuation for pitch-up maneuver at 10°/s. 
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Figure 16. Characteristic curves: baseline and DFE- 
actuation for pitch-up maneuver at 357s. 
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Figure 17. Characteristic curves: baseline and DFE- 

actuation for pitch-down maneuver at 357s. 
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Figure 18. User specified yawing moment modulation 
at 60° a using DFEs and the closed-loop 
feedback controller. 
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Figure 19. Control authority chart of the high alpha 
phantom yaw control system showing 
baseline, zero, left, and right yaw forces 
generated using DFEs. 
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